This paper reports the identification, expression, binding kinetics, and functional studies of two novel type III lamprey GnRH receptors (lGnRH-R-2 and lGnRH-R-3) in the sea lamprey, a basal vertebrate. These novel GnRH receptors share the structural features and amino acid motifs common to other known gnathostome GnRH receptors. The ligand specificity and activation of intracellular signaling studies showed ligands lGnRH-II and -III induced an inositol phosphate (IP) response at lGnRH-R-2 and lGnRH-R-3, whereas the ligand lGnRH-I did not stimulate an IP response. lGnRH-II was a more potent activator of lGnRH-R-3 than lGnRH-III. Stimulation of lGnRH-R-2 and lGnRH-R-3 testing all three lGnRH ligands did not elicit a cAMP response. lGnRH-R-2 has a higher binding affinity in response to lGnRH-III than lGnRH-II, whereas lGnRH-R-3 has a higher binding affinity in response to lGnRH-II than IGnRH-III. lGnRH-R-2 precursor transcript was detected in a wide variety of tissues including the pituitary whereas lGnRH-R-3 precursor transcript was not as widely expressed and primarily expressed in the brain and eye of male and female lampreys. From our phylogenetic analysis, we propose that lGnRH-R-1 evolved from a common ancestor of all vertebrate GnRH receptors and lGnRH-R-2 and lGnRH-R-3 likely occurred due to a gene duplication within the lamprey lineage. In summary, we propose from our findings of receptor subtypes in the sea lamprey that the evolutionary recruitment of specific pituitary GnRH receptor subtypes for particular physiological functions seen in later evolved vertebrates was an ancestral character that first arose in a basal vertebrate. (Endocrinology 153: 3345-3356, 2012) 
G
nRH action is mediated through high-affinity binding with the GnRH receptor (GnRH-R), a rhodopsin-like seven-transmembrane G protein-coupled receptor. Pituitary GnRH receptors are thought to signal primarily through G␣ q/11 , resulting in the stimulation of the inositol phosphate (IP) second messenger system; however, G␣ s activation and cAMP signaling have been reported as well (1) (2) (3) (4) (5) . Since the first successful cloning of a GnRH receptor transcript from the mouse (6), more than 83 GnRH receptor cDNA have been cloned (7) (8) (9) . In an earlier study, an identified lamprey (l) GnRH-R-1 was suggested to be an ancestral GnRH receptor because it did not group with any of the clusters of vertebrate GnRH receptors (8) .
lGnRH-R-1 retains the conserved structural features and amino acid motifs of other known GnRH-R and includes a lengthy C-terminal tail (8) . lGnRH-R-1 activated IP on stimulation with lGnRH-I or -III (8, 10) . The lamprey GnRH receptor also stimulated the cAMP signaling system in a dose-dependent manner, which, through mutagenesis studies, was shown to depend on the presence of the C-terminal tail (10) . In these same studies, the C-terminal tail was shown to be required for rapid ligand-dependent internalization, binding affinity, and, to some degree, cell surface expression. Finally, pharmacological profiling, in conjunction with these and previous efficacy data, confirmed that the lamprey GnRH receptor was lamprey GnRH-III selective, and the ability to couple to G␣ s is conferred by the first 40 amino acids of the C-terminal tail.
The study of GnRH receptors in basal and later evolved vertebrates can provide insight into the molecular mechanisms of signaling of this receptor family. Numerous fulllength GnRH receptor sequences have been identified, with more than one receptor isoform identified within a single species. In most vertebrates there are usually two to three forms of GnRH receptors present (11) , although there are fewer GnRH receptor genes in mammals compared with protochordates, fish, and amphibians (12) . To date, there is only a partial understanding of the physiological significance of each receptor type with regard to the spatial expression of GnRH receptors because more than one receptor type can be expressed in the same tissue. Lampreys along with hagfish are the only living representatives of the agnathans, the most ancient class of vertebrates, whose lineage dates back over 550 million years (13) . Lampreys, which express three hypothalamic forms of GnRH, lamprey GnRH-I, -II, and -III are important to our understanding of the reproductive endocrinology of the first vertebrates and are likely to have retained key characteristics of the ancestral GnRH and GnRH receptor from which modern GnRH isoforms and GnRH receptors arose as reviewed elsewhere (13) . Lamprey GnRH-I differs at four positions compared with lamprey GnRH-II and -III with nonconservative substitutions, whereas lamprey GnRH-II and type 2 GnRH differ from each other by only one conservative substitution. As an agnathan, one of the two most basal vertebrates, the sea lamprey has become a model system for analysis of the evolution of the neuroendocrine regulation of reproduction (13) . In this study, we have identified two additional novel GnRH receptors in the lamprey and have performed expression, phylogenetic analysis, and pharmacological and functional studies, elucidating molecules from a basal vertebrate that provide insight into the molecular evolution of this receptor family.
Materials and Methods

Animals
Adult male and female lampreys (Petromyzon marinus) were collected from the Cocheco River fish ladder in Dover, New Hampshire and transferred to the University of New Hampshire (UNH) Anadromous Fish and Aquatic Invertebrate Research Laboratory in Durham, New Hampshire. The lampreys were maintained in accordance with the UNH animal care guidelines. The animals were killed and the dissected tissues were immediately snap frozen in liquid nitrogen and stored at Ϫ80 C, or the dissected tissues were immediately placed in RNAlater (Ambion, Austin, TX) and stored at Ϫ20 C.
Receptor sequence identification and peptides
Partial sequences of lGnRH-R-2 and lGnRH-R-3 (NCBI accession nos. DQ915102 and DQ915103, respectively) were first obtained from the sea lamprey genome sequencing project trace files available from the Genome Institute at Washington University (St. Louis, MO). Later, full-length sequences encoding for lGnRH-R-2 and lGnRH-R-3 were submitted to NCBI by T. Ikemoto and M.K. Park (NCBI accession nos. EF166082 and EF166083 respectively). Subsequently, lGnRH-R-2 and lGnRH-R-3 cDNA clones were obtained from the current study (NCBI accession nos. HM641828 and HM641829, respectively); each deduced sequence differs by one amino acid (402 and 225, respectively). GnRH peptides used in this study were lGnRH-I (pEHYSLEWKPG-NH 2 ), lGnRH-II (pEHWSHGWFPG-NH 2 ), lGnRH-III (pEHWSH-DWKPG-NH 2 ), and chicken (c)GnRH-II (pEHWSHGW-YPG-NH 2 ) (American Peptide Co., Sunnyvale, CA).
Cloning of lGnRH-R-2 and lGnRH-R-3 cDNA
All tissues used were homogenized with the aid of a Tissue Lyser II (QIAGEN, Valencia, CA). RNeasy Lipid Tissue Kit (QIAGEN) was used according to the manufacturer's instructions to isolate total RNA, except for the cloning of lGnRH-R-2 where TRI-Reagent (Molecular Research Center, Inc., Cincinnati, OH) was used according to the manufacturer's instructions.
For cloning of lGnRH-R-2 cDNA, total RNA was extracted from three pooled pituitary glands of adult female lampreys. cDNA synthesis was performed with 2.3 g of the pooled total RNA using the Superscript III cDNA synthesis system (Invitrogen, Carlsbad, CA), with the application of 3Ј-rapid amplification of cDNA ends primer A (CLONTECH Laboratories, Inc., Mountain View, CA). Oligonucleotide primers (Integrated DNA Technologies, Coralville, IA) were designed. The synthesized cDNA was used as a template for PCR amplification of lGnRH-R-2 mRNA using 10 M primerslGnRH-R-2-full-forward(5Ј-CACCGGT[A]CCATG[G]C TTCATCATCGCCCACGTGGAC-3Ј) and lGnRH-R-2-full-reverse (5Ј-TATTATACCGGTCTATCCCTGGGTGGCATGAGG ATC-3Ј). Phusion High-Fidelity DNA polymerase (New England Biolabs, Ipswich, MA) was used with 2% DMSO in a total reaction volume. The approximately 1400-bp product was excised and purified using QIAEX II gel extraction kit (QIAGEN). This purified PCR product was used as a template for a subsequent amplification, and the PCR product was purified and used for subsequent ligation reactions with pcDNA3.1D/V5-His-TOPO (Invitrogen). After transformation and preparing plasmid DNA, the presence of inserts of the expected size was verified by KpnI and AgeI-restriction digest and positives sequenced [Seqwright Laboratories (Houston, TX) or UNH Hubbard Center for Genome Studies (Durham, NH)].
For cloning of lGnRH-R-3 cDNA, each pituitary, brain and testis total RNA was individually extracted from male lampreys. cDNA synthesis was performed with 2.0 g of the total RNA of each tissue using the Superscript III cDNA synthesis system (Invitrogen), and 3Ј-GSP primer (5Ј-ATCCTTGCTCCTCGTCCC GTCATTGA-3Ј). The synthesized cDNA from each tissue was pooled and used as a template for PCR amplification of lGnRH-R-3 mRNA using primers lGnRH-R-3-full-forward (5Ј-CACC GGT[A]CCATG[G]CGTTACTAGCGCACGCGTGTAAC-3Ј) and lGnRH-R-3-full-reverse (5Ј-TATTATACCGGTTCATTG AACGGGGGGGCACCCCTG-3Ј). Phusion High-Fidelity DNA polymerase (New England Biolabs) was used with 3% DMSO in a total reaction volume. The purified approximately 1300-bp product was used for subsequent ligation reactions, processed similar to the final steps of the lGnRH-R-2 cloning.
Tissue distribution of lGnRH-R-2 and lGnRH-R-3
Total RNA was extracted from various tissues (100 -300 mg total in pool) dissected from three male and three female lampreys, using the RNeasy Lipid Tissue Kit (QIAGEN). RT-PCR was performed using the AccessQuick RT-PCR System (Promega Corp., Madison, WI.) according to manufacturer's instruction with 0.4 g of deoxyribonuclease I-treated RNA per reaction. Primers GnRHR2F4 (5Ј-AAGCTGGTGGCCATGTACTC-3Ј; 439 -458 in cDNA) and GnRHR2R2 (5Ј-CCAGTGGCCTCGTACAAAAT-3Ј; 1293-1274) were used for lGnRH-R-2 amplification whereas GnRHR3F4 (5Ј-CTCTTCACCCTCCTCGTGAT-3Ј; 388 -407) and GnRHR3R3 (5Ј-GAG TCC AGC AGA CGA GGA AC-3Ј; 976 -957) were used for lGnRH-R-3 amplification. Primers for elongation factor 1␣ (EF1A) amplification are EF1A open reading frame-F1 (5Ј-CCTCCATCCATCATGGGCAAGGAAAAG-3Ј) and EF1A R (5Ј-ACCGGCCTCAAACTCACCTA-3Ј).
Cell culture and gene transfection
COS-7 cells were maintained in DMEM (high glucose, without sodium pyruvate; Invitrogen) containing a final concentration of 10% fetal bovine serum and incubated in a humidified atmosphere at 37 C in 5% CO 2 . COS-7 cells transiently transfected by the application of Lipofectamine were used for subsequent IP and cAMP assays as previously described (8, 10) . COS-7 cells transiently transfected by the application of electroporation were used for subsequent whole-cell binding assays as previously described (14) .
Iodination of cGnRH-II
cGnRH-II was iodinated using a modification of the Chloramine-T method as previously described (15) . The iodinated peptide was then purified by adaptation of the methodology previously described (16) .
Whole-cell radioligand binding assay
Radioligand binding assays were performed in COS-7 cells transiently transfected with lGnRH-R-1, lGnRH-R-2, and lGnRH-R-3 expression constructs. The lGnRH-R-1 expression construct used was described previously (8, 10) . With the exception of [
125 I]cGnRH-II used as the radiolabeled ligand, the binding assays were performed as described previously (14) . All assays were performed four times in triplicate. The IC 50 values derived in these experiments are the concentration of the competing ligand required to displace 50% of the specific radioligand binding. In all results presented, IC 50 values derived from competitive binding assays are used as a measure of relative apparent binding affinity of each ligand to make a comparison between the three receptors (lGnRH-R-1, lGnRH-R-2, and lGnRH-R-3).
IP assay
Total IP accumulation in response to lGnRH-I, -II, and -III stimulation was performed as previously described (8) with the exception of the incubation time being 48-h after transfection before a 24-h treatment to 2 Ci/ml myo [2- 3 H]inositol (GE Healthcare, Lawrence, MA). This method was initially adapted from Refs. [17] [18] [19] . Cells transfected with empty vector were used as negative controls whereas cells transfected with lGnRH-R-1 were used as positive controls. Each receptor was tested independently with all three ligands in triplicate in two or three experiments.
cAMP assay
Measurement of cAMP accumulation was performed as previously described (10) . Cells transfected with empty vector were used as negative controls whereas cells transfected with lGnRH-R-1 were used as positive controls. All treatments were performed in triplicate and in three different trials.
Phylogenetic analysis
Sixty-eight published GnRH receptor sequences were retrieved from the NCBI database including representative sequences from invertebrate and vertebrate sequences (accession numbers are in the legend of Fig. 5 ). The human oxytocin receptor was used as an outgroup. Full amino acid sequences were aligned using the MAFFT (20) sequence alignment method in conjunction with Seaview version 4.2 (21) . The aligned sequences were analyzed using PAUP* version 4.0 ␤ 10 (22). The JTT, amino acid rate matrix (23) , was used to run a 1000 bootstrap analysis in GARLI (24) . To complete the bootstrap analyses with GARLI, we used Grid computing (25) through the Lattice Project (26) , which includes clusters and desktops in one encompassing system (27) . A 50% majority rule consensus tree was then generated from the results in PAUP* and finished in FigTree version 1.3.1 (http://tree.bio.ed.ac.uk/software/figtree/).
Results
Cloning and gene structure of two novel lGnRH-R-2 and lGnRH-R-3 cDNA
A PCR product was cloned from a cDNA pool derived from three individual female lamprey pituitary glands, and the derived sequence was termed lGnRH-R-2 ( Fig. 1) . Similarly, a PCR cDNA product was cloned and sequenced from a cDNA pool derived from the pituitary gland, brain, and testis of two individual male lampreys and termed lGnRH-R-3 ( Fig. 1) . Expression constructs containing the entire coding sequence of each receptor construct were prepared and used in subsequent in vitro assays.
Gene structure of lGnRH-R-2 and lGnRH-R-3
Bioinformatic comparisons of the cDNA sequences confirmed that lGnRH-R-2 and lGnRH-R-3 consists of 466 and 451 amino acids, respectively, and are predicted to have three coding exons. This is based on: 1) the identification of two complete exons for both receptors (the presumed last two for lGnRH-R-2 and first two for lGnRH-R-3) in a repeat-masked version (v 6.0) of the current lamprey genome assembly (http://petromyzon.msu. edu/drupal6/) via queries employing BLASTN (29 -31) with the cDNA sequences; and 2) the similar exon/intron organization apparent among the three lamprey GnRH receptors, with all three exons identified in the genome for lGnRH-R-1. The predicted exons for lGnRH-R-2 lie within bases 1-594, 595-798, and 799-1401 of the cDNA sequence, whereas the predicted exons for lGnRH-R-3 lie within the bases 1-645, 646 -865, and 866-1356 of the cDNA sequence. The amino-terminal extracellular domain is coded by exon 1 in both lGnRH-R-2 and lGnRH-R-3. Exon 1 in both lamprey GnRH receptors additionally (28), and an image was generated by editing and annotating, the style based on the output initially produced with BOXSHADE 3.21. Ubiquitously conserved amino acid residues are shown with dark background shading, and amino acids with conserved substitutions are shown with light shading Semiconserved substitutions are shown with a dot on the consensus line. Bold horizontal lines indicate predicted TMD (TMD 1-7). GnRH receptor subtypes are labeled with ordinal numbers according to the published terminology (7, 14, 47, 50) and grouped together. Residues, microdomains, and motifs discussed in the text are bracketed above and below the alignments. receptors codes for the remainder of TMD4, ECL2,  TMD5, and part of ICL3, whereas exon 3 codes for the  remainder of ICL3, TMD6, ECL3, TMD7 , and the C-terminal cytoplasmic domain. The amino acid sequences of lGnRH-R-2 and lGnRH-R-3 were compared by global alignment (32) and local alignment (29, 30) using GnRH receptor subtypes ( Table  1 ). The amino acid sequence identity of lGnRH-R-2 and lGnRH-R-3 is 54% in a local alignment, whereas it is at 41% in a global alignment. Compared with lGnRH-R-1, lGnRH-R-2 has a higher local and similar global amino acid sequence identity (52% vs. 38%) compared with that of lGnRH-R-3 (47% vs. 38%) ( Table 1 ). The highest homology in global alignments to lGnRH-R-2 was with zebrafish 2 and chicken III GnRH-R (42%), whereas in local alignments the highest homology was with zebrafish 2 GnRH receptor only (56%). The highest homology in global alignments to lGnRH-R-3 was with chicken III GnRH-R (46%), whereas in local alignments the highest homology was with leopard gecko 1 GnRH-R ( Table 1) .
Comparisons of functionally important residues and microdomains were performed. lGnRH-R-2 and lGnRH-R-3, like lGnRH-R-1, have aspartic acid in both loci of the helix2/helix7 microdomain (Fig. 1, 4a and 4b) , which is an arrangement unique to nonmammalian GnRH receptors (33, 34) . Ligand binding residues were compared between the three lamprey GnRH receptor subtypes. The aspartic acid residue in TMD2 (34) (Fig. 1, feature 1) is conserved in all three receptors. Whereas the ligand binding residue asparagine that is also present in TMD2 (35) is substituted with a histidine in lGnRH-R-1, although it is conserved in lGnRH-R-2 and lGnRH-R-3 ( Fig. 1, feature 2) . Similarly, the lysine residue in TMD3 (36) is substituted with arginine residue in lGnRH-R-1, although it is conserved in lGnRH-R-2 and lGnRH-R-3 ( Fig. 1, feature 3) . The glutamate residue in ECL3 (37) is not conserved in lGnRH-R-1, whereas it is conserved in lGnRH-R-2 and lGnRH-R-3 ( Fig. 1, feature 12) .
Important G␣ q/11 coupling motifs were compared between the lGnRH receptors. The arginine cage motif (38) is DRHSAI, DRHAAV, DRYSAV in lGnRH-R-1, lGnRH-R-2, and lGnRH-R-3, respectively (Fig. 1, feature  11 ). The alanine in ICL3 (39) is conserved in all three identified lGnRH receptors (Fig. 1, feature 8 ). Lysine residue (1) and the motif DRS (40, 41) identified as G␣ q/11 -coupling residues were also compared and found to be L and DRH in lGnRH-R-1 and lGnRH-R-2 whereas it was found to be L and DRY in lGnRH-R-3 ( Fig. 1 , feature 7 and 6). The leucine residue (Leu 237) in IL3 of the mouse GnRH receptor previously identified as important for G␣ q/11 (42) was compared and is shown to be substituted with an isoleucine residue in all three lamprey GnRH receptors ( Fig. 1, feature 10) .
The HFRK motif identified as necessary for cAMP signaling in the bullfrog (4) is substituted with a HVRR motif within a 40-amino acid region of lGnRH-R-1 (Fig. 1 , feature 5) (10). The motifs identified in lGnRH-R-2 and lGnRH-R-3 within this same region are PLGP and QWDG, respectively. The amino acid residues that were previously identified in the mouse GnRH-R, and found to be involved in G␣ s coupling (K71KLSR75; L58; L80) (43) correspond to residues (TKSH; C; I), (RRSH; W; L), and (RGSH; R; L) in lGnRH-R-1, lGnRH-R-2, and lGnRH-R-3, respectively (Fig. 1, feature 9 ).
Differential tissue distribution of lGnRH-R-2 and lGnRH-R-3 mRNA expression in male and female lampreys
Amplification of lGnRH-R-2 cDNA in male lampreys was detected in muscle, liver, skin, thyroid, intestine, eye, brain, and pituitary tissues; however, no cDNA detection was observed in the testes, heart, and kidney tissues ( Fig.  2A) . This was similar to the expression pattern observed in female lampreys except for detection of lGnRH-R-2 cDNA in the kidney of the female lamprey. In direct contrast, lGnRH-R-3 mRNA expression (Fig. 2B) was not as extensive as lGnRH-R-2 mRNA expression ( Fig. 2A) . Of all the tissue tested, amplification of lGnRH-R-3 cDNA was only detected in the intestine, eye, and brain of male (Fig. 2B) . In female lampreys lGnRH-R-3 cDNA was also detected in the intestine, eye, and brain in addition to expression detected in the ovary and skin (Fig. 2B) . Elongation factor 1␣ was amplified in all tissue cDNA tested (Fig. 2C ).
lGnRH-II and lGnRH-III bind to both novel lGnRH-R-2 and lGnRH-R-3 COS-7 cells transiently transfected with lGnRH-R-1, lGnRH-R-2, and lGnRH-R-3 expression constructs bound lGnRH-II and lGnRH-III and showed displacement of [ 125 I]cGnRH-II with both lGnRH-II and lGnRH-III (Fig. 3 , A-C) in a concentration-dependent fashion. Our findings show that lGnRH-I only bound to lGnRH-R-1 (Fig. 3A) but not to lGnRH-R-2 (Fig. 3B) or lGnRH-R-3 (Fig. 3C) . The binding affinities of lGnRH-R-1 were IC 50 : 152 nM (lGnRH-I) and IC 50 : 0.9 nM (lGnRH-III) ( Table 2 and Fig. 3A ). These binding affinities were similar to those previously reported to lGnRH-R-1 with GnRH-I (IC 50 , 118 nM) and GnRH-III (IC 50 , 0.708 nM) (10). lGnRH-II (IC 50 , 1.32 nM) and lGnRH-III (0.9 nM) exhibited similar binding affinities for lGnRH-R-1, both of which were 137-fold higher than that of lGnRH-I (IC 50 , 152 nM) ( Table 2) (Fig. 3A) . lGnRH-III (IC 50 , 29.17) exhibited a higher binding affinity to lGnRH-R-2 than lGnRH-II (IC 50 , 181 nM) (Fig. 3B and Table 2 ). lGnRH-II (IC 50 , 1.45) exhibited a higher binding affinity to lGnRH-R-3 than lGnRH-III (IC 50 , 3491 nM) (Fig.  3C) . The binding affinity for lGnRH-III was 6-fold higher than lGnRH-II; in contrast, the binding affinity for lGnRH II was 2400-fold higher than lGnRH-III. The binding affinity and displacement of [ 125 I]cGnRH-II were tested with cGnRH-II resulting in IC 50 values of 0.7 nM, 307 nM, and 1.47 nM observed for lGnRH-R-1, -R-2, and -R-3, respectively ( Table 2 ). The maximal binding measured (counts per minute) demonstrated that lGnRH-R-3 is expressed 3-fold more than that of lGnRH-R-2, whereas lGnRH-R-1 is 6-fold more than lGnRH-R-3, leaving lGnRH-R-2 18-fold less than that of lGnRH-R-1 (Fig. 3,  A-C) . The results indicate a relatively low expression of lGnRH-R-2 in COS-7 cells.
Both novel lGnRH-R-2 and lGnRH-R-3 signal through the IP pathway on lGnRH-II and lGnRH-III stimulation
lGnRH-II and lGnRH-III stimulated IP production in lGnRH-R-2 and lGnRH-R-3 transfected COS-7 cells (Fig.  4, A and B) . Neither of the receptors showed an accu-
FIG. 2. Tissue distribution of lGnRH-R-2 (A) and lGnRH-R-3 (B)
mRNA expression in male and female lampreys. Arrows indicate the corresponding products. RNA integrity and cDNA production were verified by amplification of elongation factor 1␣ (C). The expected DNA fragment sizes were 855 and 589, respectively. Each amplified fragment of lGnRH-R-2 and -3 spans all three exons. mulation of IP with lGnRH-I (Fig. 4, A and B) . lGnRH-III was more potent in stimulation of IP production at lGnRH-R-2 than lGnRH-II (EC 50 , 5.49 vs. 29.1 nM) ( Table 2 ). In contrast, lGnRH-II was more potent in stimulation of IP production at lGnRH-R-3 than lGnRH-III (EC 50 , 5.52 vs. 283 nM). In lGnRH-R-2 transfected cells, the potency of lGnRH-III stimulation was 5-fold higher than with lGnRH-II. lGnRH-II was 51-fold more potent than lGnRH-III for production of IP via activation of lGnRH-R-3 ( Table 2) .
FIG. 3. Ligand binding of lGnRH-R-1, lGnRH-R-2, and lGnRH-R-3. Competitive displacement of [ 125 H]cGnRH-II with serial dilutions (10
Neither of the two novel lGnRH-R-2 and lGnRH-R-3 activates the cAMP pathway with all endogenous lGnRH ligands
No detectable responses of cAMP with lGnRH-R-2 and lGnRH-R-3 were observed in transiently transfected
COS-7 cells in stimulation with lGnRH-I, lGnRH-II, or lGnRH-III at increasing concentrations (data not shown).
Phylogenetic analysis
A consensus phylogenetic tree based on the alignment of the entire protein sequence is presented (Fig. 5) . Vertebrate and invertebrate GnRH receptors separate into four clades as previously described (7, 44, 45) . The novel lGnRH-R-2 and lGnRH-R-3 separates into the type III clade, whereas lGnRH-R-1 does not separate into any of the clades, although it appears to be more closely related to the type II clade of GnRH receptors.
Discussion
Two full-length cDNA encoding novel GnRH receptors, lGnRH-R-2 and lGnRH-R-3, have been identified and classified as type III receptors. Analysis of the encoded amino acid sequences showed conservation of the characteristic motifs of GnRH receptors and high overall similarity to previously identified GnRH receptors. The two lamprey GnRH receptors were shown to be functional through stimulation of IP in transiently transfected COS-7 cells when treated with the ligands, lGnRH-II and -III. Stimulation of lGnRH-R-2 and lGnRH-R-3 with increasing doses of each of the three GnRH ligands did not elicit a cAMP response, supporting evidence that a key motif (HVRR-like) in the C-terminal tail is required for cAMP activation. Lamprey GnRH-R-3 precursor transcript was primarily expressed in the brain and eye of male and female lampreys. Lamprey GnRH-R-2 precursor transcript was more widely expressed in various tissues compared with that of lGnRH-R-3. In summary, the GnRH systems in the lamprey, like other species, exhibit species-specific recruitment of receptor subtypes and ligands within different tissues, and there are also differences in the spatiotemporal expression patterns of GnRH receptor subtypes. Of the numerous available forms of GnRH receptor nomenclature that have been proposed by several investigators, in this paper we adopt the phylogenetic classification in which three distinct classes of GnRH receptors from the vertebrate lineage grouped into separate clusters: type I (mammalian and nonmammalian), type II, and type III GnRH receptors (7) . From our phylogenetic analysis using full-length sequences, we propose that lGnRH-R-1 evolved from a common ancestor of all vertebrate GnRH receptors and lamprey GnRH-R-2 and lGnRH-R-3 likely occurred due to a gene duplication within the lamprey lineage. These novel GnRH receptors share the structural features and amino acid motifs common to other known gnathostome type II/III GnRH receptors. In an earlier study, lGnRH-R-1 was classified with the type II GnRH receptors; however, it must be noted that only the TMD of the proteins were used in the phylogenetic analysis (44) . Within our phylogenetic tree, lGnRH-R-1 does not group with any of the clades; however, it is more closely related to the type II GnRH receptor clade than any other clade identified within the phylogenetic tree. lGnRH-R-2 and lGnRH-R-3 are neatly clustered among the type III GnRH receptors and are therefore both termed "type III" GnRH receptors. Vertebrate type I GnRH receptors are represented in teleosts, amphibians, reptiles, and avian species and in mammals. The type II receptors include receptors from amphibians, reptiles, and mammals; however, type II receptors are inactivated in most mammals (46) . The type II GnRH receptors are more closely related to type III GnRH receptors than to type I receptors, and it has been suggested that these two GnRH receptor subtypes may have arisen from genome duplication in an ancestral gene in the extinct ancestral vertebrates (7) . Unlike the type II GnRH receptors, the type III GnRH receptors include sequences from teleost fish, amphibians, reptiles, and avian species but do not occur in mammals. Our new findings show that an ancestral extant vertebrate, the lamprey, has two type III GnRH receptors and an ancestral type GnRH receptor that is more closely related to the type II receptors. These data provide evidence that type II and type III GnRH receptors arose from an ancestral gene in early vertebrate evolution.
In an attempt to attribute potential functions of lGnRH-R-2 and lGnRH-R-3, tissue distribution of the mRNA expression was performed in tissues inclusive of the nervous system and peripheral tissues. Comparisons of the expression patterns of the two novel lamprey GnRH receptors identified in this study with the previously characterized expression pattern of lGnRH-R-1 (8) demonstrates that lGnRH-R-1 is less ubiquitously expressed within the male and female lampreys than lGnRH-R-2, although, lGnRH-R-1 mRNA expression was located in both the pituitary and male gonads (8) . lGnRH-R-2 mRNA expression was also more diverse than lGnRH-R-3 mRNA expression. It is expressed in neuroendocrine, but not in gonadal tissues of both males and females. In contrast, lGnRH-R-3 is not expressed in pituitary tissue of either males or females and is only expressed in the gonadal tissues of females. Therefore, the different expression patterns of lGnRH-R-1, -2, and -3 suggest differential regulation within male and female pituitary and gonadal tissues in sea lampreys.
Of the three lGnRH receptors identified in the lamprey, lGnRH-R-1 and lGnRH-R-2 are expressed in the pituitary gland, whereas lGnRH-R-2 and lGnRH-R-3 are expressed in the brain of both adult male and female lampreys. Attributing physiological significance to each receptor type by the spatial expression of GnRH receptors is further complicated because several studies have shown that more than one receptor type can be expressed in the same tissue. For example, in the zebrafish, the anatomical distribution of the four GnRH receptors (type III and type I) is widespread in the brain, eye, and gonads and additionally, all four of the GnRH receptors are expressed in the pituitary (45) . The sea bass possesses five isoforms of GnRH receptor (type III and type I), and all but one are expressed in the pituitary (47) . The current study suggests that in the sea lamprey either lGnRH-R-1 or lGnRH-R-2 may play a role in transcriptional regulation of the gonadotropin expression in the pituitary gland. Therefore, GnRH systems in the lamprey, like other species, exhibit species-specific recruitment of receptor subtypes and ligands within different tissues, and there is also plasticity in the spatiotemporal expression patterns of GnRH receptor subtypes (47) (48) (49) (50) (51) . The predominance of one receptor subtype compared with the others in a particular tissue in lamprey was not investigated and should be the focus of future investigations.
The occurrence of three forms of GnRH peptide hormones in the lamprey suggested the possibility that the endogenous receptors may respond in a differential manner to specific ligands. Activation of the three lamprey GnRH receptor isoforms by the three naturally occurring endogenous ligands was investigated in this study in an attempt to further classify the receptors in terms of physiological functionality, because deciphering ligand-binding interactions is important for understanding receptor function, indicative of receptor activation (7) . Previous studies examining the binding affinity of lGnRH-R-1 were performed (10) ; however, at the time of the study, the lGnRH-II ligand had not been isolated. A later study showed that lGnRH-II did induce an IP response (52) , although no indication of binding affinity or maximal binding was investigated. The analyses performed in this study comparing the pharmacological profiles of each lGnRH receptor demonstrate that the lamprey receptors have varying responses in relation to the endogenous Endocrinology, July 2012, 153(7):3345-3356 endo.endojournals.org 3353
GnRH peptides in the lamprey. lGnRH-I binds to lGnRH-R-1 but not to lGnRH-R-2 or -3. However this response in binding affinity of lGnRH-R-1 is 137-fold lower than the binding affinity to lGnRH-II and lGnRH-III. This was in clear contrast to what was observed for lGnRH-R-2 and lGnRH-R-3. lGnRH-III exhibited a 6-fold higher binding affinity to lGnRH-R-2 compared with lGnRH-II, whereas lGnRH-II exhibited a 2400-fold higher binding affinity to lGnRH-R-3 than lGnRH-III. The promiscuity of receptor subtype activation in vitro by different endogenous GnRH ligand isoforms is seen in teleost fish (47, 49) , amphibians (50, 51) , and reptilian species, suggesting a complex interplay between ligands and receptors. The findings in this study support the evidence of the promiscuity of receptor subtype activation by different GnRH ligands. Most nonmammalian GnRH peptides are at least 1 order of magnitude less active than mammalian GnRH at mammalian type I GnRH receptors because they lack a charged residue in position 8 of the decapeptide (53) . Nonmammalian GnRH receptors are less selective for mammalian GnRH compared with nonmammalian GnRH (49, 54, 55) . It is now firmly established that GnRH-II (relative to GnRH-I) has a higher binding affinity for all nonmammalian vertebrate receptors irrespective of their classification based on structural similarities (56) . For example, both type I goldfish GnRH receptors have a higher ligand selectivity for GnRH-II, whereas in the catfish one of the two type I GnRH receptors has a higher ligand binding selectivity for the endogenous GnRH-II than for GnRH-I; however, both receptors also had a higher ligand-binding selectivity for GnRH-II compared with the other analogs (55) . The results of the current study show that both lGnRH-R-1 and lGnRH-R-3 have a higher ligand selectivity to lGnRH-II, whereas lGnRH-R-2 has a higher ligand selectivity to lGnRH-III than lGnRH-II.
A comparison of the major ligand binding sites identified in mammalian GnRH receptors shows that Asp98 (57) is conserved in lGnRH-R-1, lGnRH-R-2, and lGnRH-R-3, whereas lysine in TMD3 (36) and Asn102 (35) are both conserved in lGnRH-R-2 and lGnRH-R-3, but not in lGnRH-R-1, although the lysine in TMD3 is conservatively substituted with an arginine residue in lGnRH-R-1, preserving agonist binding to the receptor. These receptor residues are believed to interact with the Nand C-terminal residues of the GnRH ligands (35, 36, 57) . Previous studies show that GnRH receptors may be configured such that the spatial arrangement of the receptor binding sites accommodates binding of configured and nonconfigured ligands, supported by the presence of aspartic acid in both loci of the functional helix2/helix7 microdomain (58) . Aspartic acid is conserved in all lGnRH receptors studied; however, only binding to lGnRH-R-1 was observed with lGnRH-I.
An earlier truncation study performed with the lGnRH-R-1 showed that within the first 40 amino acids of the Cterminal tail of lGnRH-R-1 lies the residues necessary for G␣ s coupling (10) . The HFRK motif identified as necessary for cAMP signaling in the bullfrog (4) is substituted with a HVRR motif within this 40-amino acid region of lGnRH-R-1 and was previously proposed to be responsible for G␣ s coupling (10) . The PLGP and QWDG motifs in lGnRH-R-2 and lGnRH-R-3, respectively, which lie within the same region, may therefore explain the lack of cAMP response observed in these lamprey GnRH receptors. This strengthens the previous implication of the HVRR motif of lGnRH-R-1 being responsible for cAMP response. There is also a clear differential activation of signal transduction cascades of the lamprey GnRH receptors. Although lGnRH-R-1, lGnRH-R-2, and lGnRH-R-3 are able to stimulate IP accumulation, only lGnRH-R-1 is able to stimulate production of cAMP. This plasticity in activation of second messenger cascades through GnRH receptors is also observed in the amphioxus and the zebrafish (44, 45) .
Understanding the in vitro expression, potency of IP accumulation and binding affinity of these novel lamprey receptors provides an in-depth understanding of the GnRH systems in an ancestral extant vertebrate. lGnRH-R-1 is the only receptor in lampreys in which lGnRH-I can bind and transduce both IP and cAMP signal transduction, likely due to the HFRK motif in the C-terminal end (10) . lGnRH-R-2 has a higher binding affinity and IP potency in response to lGnRH-III than lGnRH-II, whereas lGnRH-R-3 has a higher binding affinity and IP potency in response to lGnRH-II than IGnRH-III. lGnRH-R-1 and lGnRH-R-2 are both present in the pituitary gland of the adult sea lamprey; in addition, lGnRH-R-1 is present in the male gonads, and lGnRH-R-3 is present in the female gonads. Although in vitro ligand selectivity does not necessarily correlate with in vivo functional significance (14) , lGnRH-I, -II, and -III may all be physiological regulators of the pituitary gland in the sea lamprey; however, the cognate receptor for lGnRH-I remains lGnRH-R-1 exclusively. lGnRH-R-1 may transduce both lGnRH-III and lGnRH-II signal in the male gonads, and lGnRH-R-3 may transduce both lGnRH-II and lGnRH-III signal in female gonads. Further studies into the predominance in receptor isoform expression in specific tissues and the changes in expression due to age, reproductive status, and sex of the sea lamprey will provide key information on the functional capacity of each receptor subtype. We propose that an ancestral type II-like receptor, lGnRH-R-1, evolved from a common ancestor of all vertebrate GnRH receptors, and the two type III receptors, lGnRH-R-2 and lGnRH-R-3, likely arose by gene duplication and diverged from lGnRH-R-1 during the evolution of the lamprey lineage. In summary, we further propose from our findings of receptor subtypes in the sea lamprey that the evolutionary recruitment of specific GnRH receptor subtypes for particular physiological functions seen in later evolved vertebrates was an ancestral character that first arose in a basal vertebrate.
